Early warning systems have the potential to save lives and improve resilience. Simple early warning systems rely on real-time data and deterministic models to generate evacuation warnings; these simple deterministic models enable life-saving action, but provide limited lead time for resilience-building early action. More complex early warning systems supported by forecasts, including probabilistic forecasts, can provide additional lead time for 15 preparation. However, barriers and challenges remain in disseminating and communicating these more complex warnings to community members and individuals at risk. Research was undertaken to analyse and understand the current early warning system in Nepal, considering available data and forecasts, information flows, early warning dissemination and decision making for early action. The research reviewed the availability and utilisation of complex forecasts in Nepal, their integration into dissemination (Department of Hydrology and Meteorology 20 (DHM) bulletins and SMS warnings), and decision support tools (Common Alerting Protocols and Standard Operating Procedures), considering their impact on improving early action to increase the resilience of vulnerable communities to flooding.
institution to the public (e.g. via a meteorological office), others communicate via a civil defence mechanism or a local government office.
When communicating warning or risk information to end users, care must be taken to ensure the message is clear 115 and simple, but without compromising the foundational message . While some studies have discussed the particular use of types of visualisation and message (Demeritt et al., 2010; Demeritt et al., 2013; Faulkner et al., 2007; Pappenberger et al., 2013) , the vast majority of these studies have been in the developed world and focus on decision-makers at government level, rather than at community level.
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There is a critical step between an individual receiving an early warning and taking early action. It is not the information itself that determines whether an individual acts, but how people interpret it or render it meaningful in their own context (Paton, 2008) . In addition, risk information may be understood, but recipients may not take action if they do not believe that action will ameliorate hazard consequences (Paton, 2008) . They may also struggle to know what to do if the message does not include instructions. 125
A common issue with the communication of warnings is the perception by scientists and decision-makers that the public are likely to "panic" or to react in undesirable ways (Schelfaut et al., 2011) . Studies suggest, however, that this is not the case and that engagement at community level is vital (Basher, 2006; Cools et al., 2016; Schelfaut et al., 2011) . 130
For the communication of risk to the public, a very large body of literature exists (e.g. see review in Kellens et al. (2013) ). Some studies have found that false alarms can be problematic in eroding trust (Donovan et al., 2017; Fakhruddin et al., 2015) , but that they are manageable with good communication strategies before the crisis, whilst Mileti and Sorensen label these as "myths" in understandings of early warning (i.e. that people will panic, or 135 perceptions of the impacts of false alarms).
Studies on flood early warning communication have also emphasised the importance of including information about preparedness and mitigation measures that people can take to protect themselves , with awareness that different groups of people may have different resources to act. Studies in Europe and USA 140 have discussed the challenge of getting individuals to decide to evacuate based on a warning: people often wait to consult others or to hear an additional message (on the radio or television, for example) before taking action (Parker et al., 2009; (Huang et al., 2016; Lindell, 2013) .
Communicating probability and uncertainty 145
A major challenge facing scientists is explaining to non-specialists not only the risks but also the uncertainties surrounding potential changes over the coming days, weeks, years, decades and centuries (Pidgeon and Fischhoff, 2011) . Whilst the use of probabilities and uncertainty is a commonly accepted means of communication within the scientific sector, the technical language is often a problem for non-experts (WMO, 2008) . Non-experts generally prefer communication formats that use percentages and non-numerical text (e.g. "twice as likely") over 150 Geosci. Commun. Discuss., https://doi.org/10.5194/gc-2019-3 Manuscript under review for journal Geosci. relative frequency and odds (Morss et al., 2008; ). An issue with non-numerical text, however, is that interpretations of the wording can vary considerably (Doyle et al., 2014) .
The central reason to communicate uncertainty is to allow end-users to make better informed decisions (WMO, 2008) . This is of particular use when there are multiple options of actions to take based on forecasts, and the user 155 wishes to consider the contingencies; people with different levels of risk prioritisation may also want to take different actions at different time-scales based on various factors, such as their individual requirements for preparation time (WMO, 2008) . It also helps to manage expectations of users for accurate forecasts (WMO, 2008) .
Retaining the confidence of the user is critical; surveys show that uncertain information does not undermine people's confidence in the service, but reassures people that they are being treated with honesty (WMO, 2008) . 160
This transparency gives confidence that the service provided is scientific, and can be trusted (WMO, 2008) .
The communication of probabilistic information has been widely studied, but not specifically in developing world contexts: most studies have taken place in Europe and the USA. Bell and Tobin (2007) discuss the role of the "100-year flood" in risk communication, and conclude that out of four methods that they tested, a map was more 165 effective in generating a willingness to respond than probabilities or frequencies, but they also found that effectiveness in terms of how people understood the risk differed from effectiveness in persuading them to act.
They suggest that the inclusion of information about likely levels of damage and other "concrete" information might aid in decision making and taking of early action. This echoes wider research on the communication of probability (Gigerenzer et al., 2005; Gigerenzer, 2007; Keller et al., 2006; Visschers et al., 2009) , which suggests 170 that frequencies are more effective communication devices than probabilities, and that linking probabilities to examples of other day-to-day risks (e.g. the risk of injury when crossing the road) can also aid communication.
Visualisation is an approach that has been widely used to aid interpretation of probabilistic and uncertain information. In the context of floods, visualisations may include plots or maps. Studies that have focussed on 175 flood risk mapping have suggested that maps are more useful in visualising risk than statistical formulations such as return frequency graphs (Hagemeier-Klose and Wagner, 2009; Merz et al., 2007) . They also suggest that inclusion of likely flood depths and other information that people can imagine is useful. However, an issue with mapping is that it is very challenging to represent uncertainty on a map (Beven et al., 2015) .
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Some methods have been developed to try to represent uncertainty to stakeholders (Bruen et al., 2010; Demeritt et al., 2010; Demeritt et al., 2013; Faulkner et al., 2007; Pappenberger et al., 2013; Beven et al., 2015) . Many of these rely on "spaghetti plots" (the visualisation of multiple routes or outcomes on one graph), which allow visualisation of multiple scenarios. Studies of these visualisations suggest that they can be very useful for elite actors -those who are trained to interpret them -but that scientists have major reservations about their usefulness 185 beyond the scientific community, where the often undocumented assumptions and limitations in their derivation may not be appreciated (Demeritt et al., 2010; Demeritt et al., 2013 Nepal has three distinct types of rivers: i) big perennial rivers e.g. the Koshi River, the Narayani River, the Karnali River, and the Mahakali River -these rivers are mostly fed by the glaciers, and snowmelt in the Himalayas and flow down to India through the lower hills and Terai plains of Nepal; ii) perennial rivers fed by rainfall, originating from the middle mountains of Nepal that flow down to the lower plains of Nepal and India -these kinds of rivers 200 flow with very high variation between the dry and rainy seasons; iii) torrents or streams -these rivers originate from the Siwalik hills and are fed by the monsoon rains from June to September, drying up after the rainy season (Bhandari et al, 2018) . Monitoring stations are located on the first two types of rivers.
Flash floods in small intermittent streams are becoming an increasing concern in recent years with an increase in 205 occurrence of these destructive flash floods that carry lots of debris, raise river bed levels and breach into settlements (Bhandari et al, 2018) . Most of these streams do not currently have government-owned monitoring stations, although there are some initiatives to set up community-managed monitoring stations on these streams (e.g. International Centre for Integrated Mountain Development (ICIMOD) and Mercy Corps).
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Nepal's EWS has developed from a simple 'watch and warn' approach (e.g. using raised towers, sirens, and traffic light signals), to an automated telemetry system (Fig. 2) which gives from as little as 30 minutes to as many as six hours warning, depending on distance from the gauge reader (Gurung, 2016) .
Established EWS
A telemetry-based early warning system is the main EWS in operation, based on real-time monitoring of water 215 level and rainfall at the upstream catchment of flood prone areas (Fig.2) . This simple EWS provides a short lead time of 30 minutes to six hours based on the travel time of the flood wave from the monitoring station to the location of villages and community members. These monitoring stations are located on main rivers (Fig.1) . If the river level passes the threshold of danger level upstream, the DHM alerts national and district authorities, chairs of Local and Community Disaster Management Committees (LDMCs/CDMCs), and task force leaders. 220
The basic EWS relies on real-time monitoring of river data, through a combination of manual river gauge reading and automated river gauges. Redundancy has been an important element of the EWS, ensuring that if one channel for river monitoring (or dissemination) fails, there are other options (ISET et al., 2015) . When water levels upstream exceed pre-determined danger thresholds, a warning is triggered, which is communicated through a 225 variety of top down and bottom up mechanisms ( Fig. 2 and Fig 6) . Digital and top down communication includes Geosci. Commun. Discuss., https://doi.org/10.5194/gc-2019-3 Manuscript under review for journal Geosci. Commun. Discussion started: 20 March 2019 c Author(s) 2019. CC BY 4.0 License. digital display boards in district authority buildings, internet based alerts and updates, and automatically triggered alarms at sub-national government, each of which triggers pre-determined dissemination and response protocols.
Bottom up community led dissemination includes telephone based dissemination from gauge readers to local community responders, triggering in person and community level alarms and alerts, e.g. via loud speaker (Gurung, 230 2016; Smith et al., 2017) .
Nepal has a variety of community-managed early warning systems, depending largely on manual gauge readers.
ICIMOD, Mercy Corps, Practical Action, and other NGOs have helped install monitoring instrumentation in basins not (yet) covered by the national monitoring network, including in some of the small flash flood-prone 235 basins like Ratu Khola. At community level, volunteer gauge readers ("caretakers") monitor river levels, passing manual readings to the DHM and local community members. These systems provide varying lead times of warning (one to six hours), with three levels: be careful; warning; danger.
NGOs including Practical Action, Lutheran World Relief, Mercy Corps, Plan Nepal, Care Nepal, ICIMOD and 240
Oxfam have helped build community response capability for Early Warning and Early Action across several river basins in Nepal. They have worked with communities to establish EWS task forces at community level, set up local disaster management institutions, and undertake evacuation drills, practicing response to early warnings (Smith et al., 2017) .
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These warnings are issued by the DHM Flood Forecasting Section of the Nepal DHM, is the government agency formally mandated to issue early warnings (a team of about five people as of the 2017 monsoon).
The Flood Forecasting Section of the DHM has an openly accessible website (www.hydrology.gov.np) containing real-time river and rainfall gauge data and flood forecasts, showing which river levels are rising or falling, and 250 what their current warning level is (below warning, above warning, above danger level). A toll free helpline (1155) is available for anyone to call to the DHM to ask for updates or information on flood risk. However, this number is not advertised widely due to limited capacity to deal with incoming queries. The number goes directly to two mobile phones owned by DHM and is answered by the small DHM team.
Recent innovations 255
In recent years, the EWS in Nepal has undergone rapid development, with a range of innovative pilots introduced in the 2016, 2017 and 2018 monsoons (Fig.3) . These new initiatives have brought: a) innovations in forecasting; b) innovations in dissemination; and c) innovations in response capability (decision making and pre-event plans).
Many of these innovations have aimed to increase the lead time of early warnings, aiming to improve early action 260 and reduce avoidable losses. For high level decision makers such as the DHM and responders, increased lead time enables earlier warning and better preparedness for response. At community level, increased lead time enables more time for evacuation and protection of property and livelihoods, particularly important in cases where warnings are issued when people are working in the field, or during the night (Gurung, 2016 is noted in Nepal, with vulnerable groups, often including women, expressing a desire for increased early warning 265 lead time (Brown et al., 2019) .
Innovations in forecasting
Global and regional Hydrological and Meteorological forecasts: Improvements in global and regional forecasting (both hydrological and meteorological) have increased the amount of information available for EWS in Nepal. The DHM has been piloting application of a range of forecasts to enhance Flood Early Warning in 270
Nepal. These include the Global Flood Awareness System (GloFAS) developed by the European Commission and the European Centre for Medium-Range Weather Forecasts (ECMWF) which provides a ten-day rainfall forecast and a 15-day streamflow prediction (Fig.4) . The Regional Integrated Multi-Hazard Early Warning System (RIMES) for Asia and Africa provides three-day rainfall forecasts and three-day streamflow forecasts for three basins in Nepal updated daily (Fig. 4) . The DHM is also in the process of developing their own three day 275 meteorological forecast.
Low data probabilistic flood forecasting (Flood4T):
The DHM has been piloting a low data probabilistic approach to flood forecasting in partnership with Practical Action, Lancaster University, waternumbers and Zurich Insurance (Fig. 5 ). This has now been rolled out across major and minor river basins in Nepal, extending available 280 lead time by up to an additional five hours. These increased lead times for early warning and early action can be critical in fast flowing mountainous rivers (Smith et al. 2017 ).
Innovations in dissemination
In recent years, the DHM has been piloting an expanded range of methods for centralised top down dissemination of Early Warning including bulletins and mass SMS message dissemination to the general public. 285 A daily bulletin (see Appendix) containing text-based information on flood hazards, highlighting river basins and districts at high risk of flooding, is produced in Nepali and sent via email to selected national, sub-national and district level stakeholders ( Flood-prone areas across Nepal have been divided into 42 polygons (spatial units). When an area is at risk of flooding, the DHM is able to send targeted mass SMS messages via telecom providers to the mobile phones within that polygon (Fig.6 ). These alerts are simple: 'be alert'; 'prepare to evacuate'; 'evacuate now'. These warning 300 messages are currently based on the simple real-time water level monitoring-based EWS (with relatively low lead times -see previous section). There is currently no standardised language for the SMS message; messages can be Forecasting Section manually and sent to telecom providers to send out SMS push messages.
Innovations in Response capability (decision making and pre-event plans) 305
In the past couple of years the EW system in Nepal has evolved to better support pre-event decision making and planning, helping decision makers understand and act upon more sophisticated and complex forecasts through SOPs, working collaboratively with a range of stakeholders (humanitarian responders, the DHM and community members). The SOPs were selected to correspond to a range of forecasts at different temporal stages in the lead up to a flood event, identifying thresholds and triggers for specific early actions to be assigned to specific actors in a responsibility matrix. These SOPs were implemented in six flood prone districts of West Nepal during the 2017 monsoon. 320
Common Alerting Protocols: Prior to 2018, messaging for DHM bulletins and SMS alerts were crafted individually, as needed, by staff in the Flood Forecasting Section of the DHM. In late 2017, Common Alerting Protocols (CAPs) were developed, defining options for the content and phrasing of bulletins and SMS alerts.
These CAPs were piloted in the 2018 monsoon. 325
As the availability of more complex forecasts increases, a question mark remains on the extent to which it would be appropriate to communicate uncertainty, or probability, to non-technical community level actors, an issue to be further explored in Nepal.
Methodology 330
Research was undertaken after the 2017 monsoon to analyse how the early warning systems in Nepal operate, how well they incorporate complex forecasts, which stakeholders have access to (and understanding of) complex forecasts, and whether incorporation of more sophisticated forecasts (and uncertainties) enables improved early warning and early action.
Ethics 335
This study is based on key informant interviews (KIIs), a workshop held in Kathmandu, and a community questionnaire. This research involved community members, government officials, and representatives of nongovernmental and civil society organisations. All participants were asked for their consent to participate in the research. Data was anonymised (community members) and pseudonymised (high-level or key informant 
National-level stakeholders
Semi-structured interviews were held with 11 national key stakeholders (six men, five women) from six organisations who disseminate or receive early warning information from the DHM. The interviews were framed around their experiences during the 2016/2017 monsoons to gauge their understanding of the early warning 345 information, if and how they used the information, what decisions were made based on the information, and whether they communicated the information further. In particular, questions were aimed at how recent progressions in the EWS had affected their understanding and ability to make decisions, including the piloting of the Flood4T probabilistic forecasts and SOPs. Feedback on successful progress and remaining challenges were gathered. Information on what additional facilitation/processes would be needed to communicate probabilistic 350 information to community level effectively was also investigated. Sampling was purposive: interviewees were selected because of their role.
A national level workshop was held with 25 key stakeholders from 12 organisations, including the DHM, on the EWS and probabilistic communication in January 2018. The workshop was aimed at identifying any lessons 355 learned or best practices for communicating forecast uncertainty in order to help share the gathered evidence to improve forecasting and EWS in the future. Reflections and discussion points were recorded and later analysed.
Key informant interviews at district level
Semi-structured interviews with seven key stakeholders in Nepal were conducted in the Bardiya District in 360
Western Nepal. The interviews were held with NGOs, DEOCs and district DHM officers who receive DHM issued warnings or information. Again, the sampling was purposive. Interview data were coded thematically for analysis using simple codes. The KIIs covered responses to specific types of warning information, and also discussed the informants' perceptions of community awareness.
365
Respondents were from the local DHM office (1) DEOCs (2) and local NGOs (4). All of them were male, and all had been working in their current sector for more than a year: two for five to 15 years and two for more than 15 years. Their education levels varied from College level to Masters' level, and they ranged in age from 20 to 60.
Community level
Qualitative and quantitative questionnaires were collected using random sampling from 127 individuals at 370 community level in East (Jhapa District), West (Bardiya and Kailali Districts) and Central (Nawalparasi District)
Nepal. The questionnaires were designed to gather information on each participant's understanding of early warning messages and probabilistic information. The data were analysed using standard statistical tests. They were initially tested for normality using the Kolmogorov-Smirnov test. Most of the data were not normally distributed, and so non-parametric tests were used in the analysis. For categorical data, the chi-square test was 375 used to test for differences by group. Ordinal and scalar data was analysed using the Mann-Whitney U test for housing, and in the Eastern region, 24 were in Pucca housing. There were also small variations in household size 385 between regions, with smaller households in the Central region than in the other two regions. Over the whole dataset, there was a normal distribution with a mode at five to seven household members. Over the whole dataset, 74% of respondents were members of community groups. Just over half (53%) said that the male head of household migrates for work, and of these, 90% migrate outside of Nepal.
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In total, 94% of community level respondents either owned a mobile phone themselves (54%) or had one in their household (47% of the latter said their spouses owned a phone). Disability affected 21% of respondents. Education levels within the households were relatively low, with only 20% having education beyond secondary school, and 34% having only primary school education.
Results 395

Findings relating to national level stakeholders
Complex forecasts
At national level there was strong support for the overall availability of flood forecast information, and a willingness to work with the DHM to improve it.
400
Representatives from the DHM described the tools that are being developed using both global (GloFAS) and regional (RIMES) systems, with catchment-based approaches. They also noted that numerical weather prediction based on global data is weak -it does not accurately predict the location or magnitude of the rainfall or river levels. NGO representatives were also sceptical about the magnitude of the predictions. Members of the local DHM office were not entirely sure how to use these tools, and would value training in this. 405
National stakeholders wanted the forecast to be categorised by impact -using probabilistic forecasts to provide warnings about impacts on livelihoods and assets and for preparedness, and deterministic forecasts to drive evacuation plans (except for in flash floods, where probabilistic forecasts are useful because they give more lead time). 410
Enhanced dissemination: DHM Bulletin
The DHM 24-hour forecast bulletin was widely regarded by other national stakeholders as important -and there were comments that it should be available at both district and community levels (via radio) as well as among existing recipients, and broadcasts increased to hourly intervals. In particular, the flood risk matrix and likelihoods (Fig.7 ) had significant potential, particularly if they are developed as part of a "risk-based approach" 415 (Representative, UNDP).
Another suggestion involved including spatial information in the bulletin -again with a caveat about understanding of this information (which is backed up in the literature -e.g. Haynes et al., 2007) . Various types of information that could be included were suggested (e.g. probability of ranges, percentage changes of event 420
occurring, small area forecasts).
UNDP also made the point that historical data -particularly observational data -would be useful and would enable the development of decision-support tools, which are currently lacking. Some of this might be complicated by institutional staff turnover and capacity at the DHM in general. However, the DHM were praised for their use 425 of social media.
National stakeholders also suggested that using colour codes and ranges of probabilities might simplify the forecast (see Fig.7 ). They were aware of various tools in the public domain, but felt that these are not adequately advertised: "NWP three-day forecast is out in the public domain; but few know how to get this" (Representative, 430 LWR).
Communicating uncertainty to a High-Level Audience
The national stakeholders identified a number of high level audiences who would benefit from extending the Bulletin to include uncertainty information, including the hydro-meteorological community and government 435 agencies (at various levels and in various fields). NGOs would also value this information, as would businesses.
National stakeholders suggested that the uncertainty could be communicated via spatial and temporal risk maps and using a simple matrix. It would be useful to have numerical values of both probabilities and uncertainties, as well as the area affected, at an hourly scale.
Communicating uncertainty in the forecasts to the public 440
While communication to the public was supported, particularly to inform particular industries, there were a wide range of opinions amongst national stakeholders on the suitability of different kinds of information for public consumption. These largely reflected different views about the education level that people have (or could be given via outreach campaigns). In general, the stakeholders felt that a major campaign of engagement with community members would be needed to help people both understand the information and act on it -again, the issue of acting 445 on warnings was emphasised.
The national stakeholders were generally unsure about the ability of the public to understand probabilistic forecasts. They suggested that perhaps the system could be supplemented by voice messages that give probabilities, but were concerned about these being misinterpreted if trialled too soon. 450 There were differences of opinion too amongst national stakeholders on whether or not certain groups should receive the uncertainty information. Some respondents did not think that the media or the community should be informed, while others felt that, with education, they could be.
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"Communicate forecast uncertainty only if you can convince; then otherwise it is better not to communicate as it will lead to a false message" (Forecaster, DHM).
This quotation betrays a lack of confidence in the reliability of weather and flood forecasts and subsequent concern about false alarms and the breakdown of trust. 460
A representative from the Army made the interesting point that government information (i.e. from an "official" source) may be viewed as more reliable and perhaps therefore more likely to be acted upon locally:
"Need to provide information to local level as a forecast as early as possible; need to use latest technology tool 465 from government level, because government information is more reliable for local community." (Representative, Nepal Army) This point was backed up by LWR in the stakeholder interviews: information from the government is viewed as genuine. This could be important in thinking about integration with community-managed EWS. Furthermore, 470 some stakeholders were concerned that DHM were too conservative in their attitude to communicating with community members -particularly that they were reluctant to communicate uncertainties.
In general, the national workshops suggested that community members should be reached by SMS only for high probability events, with messages in local languages. Simple or interactive voice messages would be useful, to 475 support information available on websites, TV and radio. This multi-media approach is likely to maximise the reach of the message. There was a major emphasis on training for community members so that they know what the messages mean and how they should respond to them.
Understanding community members 480
Throughout the national stakeholder interviews and workshop, there were various assumptions about how people "There is a difficulty in using technical jargon; the citizen does not get this, and we cannot translate." (BBC Media Action)
Overall, these quotations and other comments in the dataset suggest a widespread concern among national stakeholders for training and education on several topics. One of these topics would be appreciating uncertainty 495 and probability, and perhaps linking this directly to what actions should be taken at different levels of uncertainty or risk. Another would be emphasising that the forecasts go beyond experience or measurement and give scenarios about the future, so they should not wait until they can see physical evidence of their accuracy. From these statements, too, it is evident that this "education" should not be top-down, but must involve listening to and working with the community members and intermediaries to translate information -which would also help the 500 producers of information to move beyond technical jargon.
"You have to be very honest and promote discussion in the community, to help them prepare themselves." (Representative, BBC Media Action) 505
Common Alert Protocols
National stakeholders also emphasised the need for a common alerting protocol (CAP). This would provide consistency in terminology or colour codes for the warning and for communicating uncertainty.
Findings relating to sub-national stakeholders
Complex forecasts at sub-national level 510
Respondents at district level were all familiar with GloFAS probabilistic rainfall forecasts, but do not currently receive them. Three out of the seven access the forecasts via the website. They struggle to understand the colour coding system, and one noted that they have issues with the geographical focus. Two mentioned understanding probabilities as an issue. Three of them mentioned using the forecasts to find out where it will rain. They felt it could be made more useful for them, and felt that the resolution was not very good for small-scale use. They also 515 felt that it should be in Nepali. There was a strong call for training in how to use the information. None of the respondents had used the forecasts for making decisions.
District level respondents rated their understanding between three (two respondents) and seven out of ten. There was a reasonable positive correlation here with level of education, though with only seven interviews this should 520 be viewed with caution (R 2 = 0.7).
Respondents at district level noted that they had seen GloFAS probabilistic flood warnings, but had not been receiving it. Most of them could find it on the website, but they struggled to understand it. Two noted specifically that they found return periods hard to understand, and another two listed the figures in their entirety: "We are not 525 technical people, so all of it". Two did state that looking at the probability of floods was useful, and they appreciated the map format. Five felt it could be made more useful, and one that it might be able to be made more useful. None of them used the information in making decisions. They had been told about the forecasts in the SOP workshops, but they would like training in its use.
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The self-assessment of understanding produced some interesting results for this set of figures. The assessment correlated negatively with age -the younger respondents at district level found it easier to understand (R 2 = 0.5).
Here, the highest rating was six out of ten, with the other six respondents scoring their understanding two to four out of ten.
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All the respondents at district level were familiar with the RIMES three-day rainfall forecasts, and six of them regularly receive it by email. They suggested that the colour bar could be improved and extended for extreme values. Two also mentioned that the resolution was poor, and one stated that real time information is more useful.
One also mentioned that it would be helpful if it was in Nepali time rather than Coordinated Universal Time. In general, they use the map to identify high intensity rainfall areas, but would like it to be improved -both by 540 improving the scale and by issuing it three-hourly rather than 24-hourly. The spatial scale was the most emphasised issue with the forecast, although a need for training was also mentioned.
Four respondents at district level noted that they use this information frequently in decision-making, and the other three use it "sometimes". They use it to warn stakeholders in the affected areas that there may be heavy rain in 545 the next few days. Two also warn community members where they judge it appropriate. If they detect heavy, intense rainfall in their region, then they would take action. Two specifically noted that they would use this alongside the DHM Bulletin, because this information is only a forecast. Another noted, "We just share based upon our interpretation but don't know if it's right or wrong" (local NGO).
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All the respondents at district level rated their understanding of the RIMES forecasts at six or more, suggesting a reasonable level of confidence in using the information. There were no patterns with the demographic variables.
Five respondents at district level had seen information on short-term probabilistic early warning before (on a website), and two receive it regularly, but none use it for decision-making. They find the uncertainty band difficult 555 to understand. They use it to assess what will happen in the next three to five hours in relation to what has recently happened.
The respondents at district level mentioned that it would help to have some textual explanation of the figureperhaps some simplified text. One mentioned that this was too technical for community use, and another stated 560 that DHM prefers to use this information internally. Understanding was rated at five (three respondents) and seven (one respondent -the most educated) out of ten.
Role of DHM bulletin
ICIMOD (a regional NGO) mentioned that their community-managed EWS also share the DHM bulletin with 565 some of their caretakers, which adds to community knowledge. At district level, six of the respondents receive the bulletin twice daily during the monsoon, and the seventh used the DHM website instead of the bulletin. They only experienced difficulties accessing the bulletin when an internet outage occurred. All except one use this information to make decisions, and two specified that this would involve 570 communicating with local offices. Most of them used the Bulletin to identify rainfall and river information in real time, particularly looking for rivers in their vicinity -so looking for spatial features in the data. One commented that they struggled to find the spatial information easily, and others mentioned that some quantitative rainfall data would be useful. They were uncertain about how to interpret "low, medium and high" levels of rainfall, and suggested that rough ranges for these categories should be given. One said: 575
"We do not know the contribution of rainfall to river water, how much it rains and when river rises, it's all based upon judgement. We need scientific information in easy accessible format to understand this such that we know what is happening upstream and link to downstream." (Local NGO) 580
When taking decisions, the respondents at district level stated that they use the Bulletin to look at how much rainfall there is, either using thresholds or looking at the general pattern over their particular area. They find the Bulletin a significant aid in the decision-making process, and communicate it widely when their thresholds are reached, telling their respondents (other stakeholder or the public, depending on circumstances) the status of the rainfall and rivers. Four of them mentioned simplifying the information for the community level, and they use a 585 full range of communication methods between them (social media, email, SMS, telephone).
In seeking to improve the Bulletin, respondents at district level would like infographics and 24-hour spatial and temporal information. They would also like better spatialized forecasts for local areas with more specificity -for example, by district rather than just "East, West, Central" -and indications of whether rivers are rising or falling, 590 preferably at basin level and also for the flash-flood areas. All of the respondents were keen to work with the DHM to improve the Bulletin and its communication. Two of them emphasised the importance of national-level DHM working with the local-level DHM offices.
In self-assessing their understanding of the Bulletin, most respondents at district level said that they had a 595 reasonable understanding (six or seven out of ten). One said eight out of ten and another nine out of ten. There were no obvious patterns here (in relation to demographics of the respondents).
Standard Operating Procedures
The SOPs were trialled in the 2017 monsoon season for the first time. Only two respondents at district level had 600 used the SOPs to take action in advance of and in response to a flood. Prior to the introduction of SOPs, six respondents reported they used DHM Bulletins, and four used both DHM and RIMES for early preparedness actions and emergency response. However, these actions were not as intensive and elaborative as those defined in the piloted SOPs. The district stakeholders are now accessing more forecast information from different sources since the introduction of SOPs, but they still regard the DHM bulletin as the most authentic one for informing action.
Respondents at district level commented that they struggle to make the forecasts actionable, and some also struggled with probability. Two of them noted that the responsibility matrix is particularly useful. They use the 610 documents particularly to find out who is responsible for what, but also noted that the procedures are evolving and long, and hard to get used to. They would like the SOPs to be adaptive, and short. It would also be useful to empower the local actors, such as local NGOs, CBOs, village committees, and households, to take action: this issue was raised several times because there was a feeling that local actors lack the resources to use the SOPs effectively. 615
Two respondents at district level said that they sometimes use the SOPs in decision-making, but that they need more time to better understand the SOPs. One said it has been integrated into their (District Preparedness and Response Plans) DPRP. The respondents generally felt that the SOPs need more time to be properly understood and integrated. One suggested that the thresholds should be changed, based on the 2017 experience -this fits with 620 the need to make the SOPs adaptive to circumstances. They also suggested, again, the need for training in understanding the forecasts, and emphasised that accurate forecasts would be useful:
"DHM needs to provide regular forecasts with longer lead time and accuracy but we need training to understand probabilities and uncertainties" (district level NGO) 625
There was also emphasis on the need for time for community members to get sensitised to this information: "Yes we can use it but people won't evacuate three days earlier. For them it must be raining and river water must enter their community; only then will they evacuate. So SOP is good but change in thinking of people will take 630 time." (DEOC/local NGO) This last point is interesting: it suggests that the long-term mentality of flood risk management in Nepal is reactive and focussed on real-time event evolution. The availability of forecasts is relatively new, and incorporating this information in local actions will take a culture shift. 635
Understanding of the SOPs was rated between four and six out of ten (five respondents assessed their understanding as six, and the others five and four). This perhaps represents the novelty of the concept, the length of the document and the fact that it is still evolving -all factors mentioned by respondents.
640
There was also a comment that the available information is not problematic in itself, but the "flow of information" (for example, in the 2017 Monsoon) was unreliable in spite of piloted SOPs. 
660
"Use maximum number of available options to make forecast information and to educate all stakeholders and recipients; Use risk matrix approach to communicate the uncertainties." (Representative, Practical Action) "For effective response, the forecast uncertainties should be communicated giving the probabilistic figure (in % uncertainty) but together with this information, the community members should be given awareness programmes 665 to act/react to this information in an understandable way and timely manner." (Representative, ICIMOD) However, the stakeholder interviews also cautioned against excessive communication of uncertainty as well.
Representatives from ICIMOD, for example, suggested that "Communicating uncertainties is not necessarily important and useful at the community level". They also suggested that perhaps probabilities are better than actual 670 levels, expressing some scepticism with the quality of predictions from GloFAS. This balance issue between communicating uncertainty and the fear of false alarms or misunderstandings is consistent with the anxieties of scientists in other related fields, where uncertainty is sometimes perceived as undermining science (Eiser et al., 2012) .
675
Another important point was that, as well as giving information about probabilities, information about actions to be taken is important:
"While issuing flood forecast, it is better to issue forecast water level along with uncertainty range and action to be taken considering the flood level and its uncertainty." (Representative, PAC) 680
The BBC Media Action team emphasised that they could aid the communication of flood warnings more widely, and that a key aspect of this could be provision of a "dashboard" of material ready for communication. This would Geosci. Commun. Discuss., https://doi.org/10.5194/gc-2019-3 Manuscript under review for journal Geosci. Commun. 
Community access to and understanding of SMS early warnings
Community level respondents were asked if they had seen the SMS text message warnings before -33% had 690 done, most of them directly (note that 56% did not answer this question). Of those who were asked (N=46), 40%
found the SMS very hard to understand, and 57% rated their understanding as five out of ten or less. However, 30% thought it was very easy to understand.
Lutheran World Relief mentioned relying on DHM's SMS system, but noted that there are some issues with the 695 reliability of the mobile phones in practice.
Looking in more detail at the dataset, some patterns emerge.
The community level respondents who were members of community groups were more likely to have seen the 700 warning (χ 2 = 10.6, p<0.01). People from the Dalit ethnic group and associated lower socio-economic status were much less likely to have received it at all.
Men were significantly more likely to understand the message well (U=99.5, p<0.01). Older people were significantly less likely to understand the message well (ρ= -0.34, p<0.05). 705 In general, most community level respondents would like the information to be presented differently (52%), and 61% would prefer an in-person warning. A further 17% would have liked a voice message. This is consistent with low levels of literacy and a strongly cohesive community in which the personal source of communication is important. 710
Community responses to SMS early warning
Community level respondents were also asked about their likely actions on receiving a SMS push warning notification message. Figure 8 shows that while most would evacuate, a significant number would not. Indeed, when asked for the likelihood of taking these actions, 46% said that they would be very unlikely to act, and only 21% said that they would be very likely to act. When probed further, 56% said that it would be very hard for them 715 to act. Several reasons were given for this, the most prominent being illiteracy (27%) and difficulty making decisions (16%).
There were significant differences by region in whether or not people were willing and able to act on receiving an SMS. People in the Eastern region were significantly less likely to act (H=11.4, p<0.01) and felt that it would be 720 harder to act (H=17.3, p<0.001). There was also some variability in ability to act that could be explained by Geosci. Commun. Discuss., https://doi.org/10.5194/gc-2019-3 Manuscript under review for journal Geosci. Commun. Discussion started: 20 March 2019 c Author(s) 2019. CC BY 4.0 License. ethnicity, with Dalit and Janajati ethnic groups particularly unlikely to be able to act (H=12.3, p<0.05). Older people were less likely to act (rho=-0.23, p<0.05) and less able to act (rho=-0.35, p<0.001).
Finally, both Central and Western regions would prefer the information to be presented differently and in voice 725 message format, while more people in the East were happy with the format, but those who sought improvements tended to favour in-person warning.
Discussion
Nepal's EWS: gaps and challenges
Recent developments in weather and flood forecasting have increased the availability of information relevant to 730 flood early warning in Nepal. However, whilst the quantity and quality of information has increased, it is apparent that not all stakeholders are aware of, have access to, understand or act on this information. This section will review the Nepal EWS in terms of the four core and three cross-cutting elements of an EWS.
Risk Knowledge and Monitoring and Warning
In terms of risk knowledge and monitoring and warning, challenges remain related to: i) improving forecasting 735 accuracy, ii) improving monitoring, iii) improving lead time, and iv) introducing impact based forecasts.
There needs to be improvements in the spatial resolution and magnitude accuracy of both meteorological and hydrological forecasts in order to be able improve early warning and early action.
740
EWS accuracy in smaller rivers is constrained by a lack of monitoring stations on intermittent smaller rivers.
Community members based on those rivers are therefore not able to take early actions to save lives and livelihoods.
Challenges relate to a lack of monitoring stations, a lack of investment in monitoring infrastructure, and a lack of maintenance of instrumentation purchased by multiple actors for multiple short-term projects.
745
Innovations such as low data probabilistic forecasting (Flood4T) offer an opportunity to increase early warning lead time beyond the timeframe permitted through warning systems based on real time monitoring of water levels upstream. Flood events in 2013 and 2014 have shown that the available lead time provided by water level monitoring based systems is just enough to save lives but not livelihoods (Smith et al., 2017; Zurich 2015) , undermining development gains and reinforcing vulnerability to the impacts of flooding. In order to increase lead 750 time, saving lives and livelihoods, more sophisticated forecasts like Flood4T need to be integrated into Forecast Based Early Action.
Whilst there is interest in impact based forecasting from decision-makers, this is not currently in place in Nepal.
Dissemination and Communication 755
Dissemination and communication challenges relate to: i) communicating complex forecasts to intermediaries and decision maker at national and sub-national level, ii) communicating more complex information to community Geosci. Commun. Discuss., https://doi.org/10.5194/gc-2019-3 Manuscript under review for journal Geosci. Commun. level, and iii) ensuring a bottom-up needs-based approach to ensuring the information communicated meets the needs of diverse user groups.
National and sub-national decision makers 760
Most of the district level actors make their decisions on the basis of the DHM Bulletin, sometimes also informed by RIMES. DHM is understandably reluctant and cautious about providing any additional information due to the lack of confidence in the reliability of weather and flood forecasts and subsequent concern about false alarms and the breakdown of trust -an issue frequently encountered in decision-making under uncertainty (Eiser et al., 2012) .
There is a balance that needs to be struck between the demand for more information from sub-national government 765 authorities and NGOs, and the accuracy and reliability of forecast information and associated uncertainty in current forecast capacity. Communicating the uncertainty within forecasts is a key issue which will require careful thought and consideration in terms of what, how, and who to communicate it to including best practice such as communicating flood impacts and likelihood through a risk matrix.
770
The bulletin provided by DHM is the main source of information for most district level decision makers. This existing source of information currently has fairly high levels of trust from the recipients; however, the content could be improved to make it easier to understand and use to make decisions. Decision makers at national and local level would like to have baseline rainfall for their specific basins so that they can compare this with realtime data. There was also a demand for greater spatial and temporal resolution. This suggests further engagement 775 is needed around the limitations of forecasts and scientific capability. The stakeholders interviewed are very keen to work with DHM on improving the processes within the EWS. This would be an important step as it will involve knowledge exchange in both directions.
The KIIs suggest that if probabilistic forecasts are communicated to stakeholders, they should also have some 780 training on these data, and an accompanying textual summary of the forecast to aid their interpretation. In general, they embrace quantitative forecasts (rather than vague qualitative ones). In the future, it would be advantageous to advance the forecasts to include impact-based forecasting to aid decision making. However, this will require more investment to implement.
785
The DHM daily bulletin needs to be improved, standardised, tested and tailored with end-users, providing more visual and easy to understand information. A decision making tool that combines all available data into one online platform to be condensed into the bulletin and uses a simple risk matrix to visualise risk could be a good next step.
This bulletin information and decision making tool could be easily integrated with SOPs so that actions are already decided before an alert is issued. Community members themselves need to be engaged and involved in the 790 development of these systems -this has been shown to improve uptake and ability to act (Fakhruddin et al., 2015; Macherera and Chimbari 2016) .
Community level
At community level, relatively few people were able to understand the SMS warnings effectively. This requires further improvement and tailoring of information, particularly for all receivers to address challenges such as 795 literacy levels, language barriers, and access to mobile SMS. These issues are not, however, purely down to the Geosci. Commun. Discuss., https://doi.org/10.5194/gc-2019-3 Manuscript under review for journal Geosci. Commun. specific issue of flood warnings, but are much wider development issues in Nepal, and reinforce the need for development work to improve literacy and income generation in these regions. The fact that many respondents felt unable to act on the information suggests that social empowerment is relatively low in these areas. This may be exacerbated by the extensive economic migration of the male members of the households, which decreases 800 family cohesion and creates challenges for those left behind.
There were some suggestions to provide voice messaging/radio access to warning information and some participants suggested using a colour coding system. Whilst a voice messaging system would address literacy and language challenges, the advocacy work to enable this through telecom providers and the funding/capacity of the 805 central government to set this system up is unlikely to be an achievable goal in the short term. However, in the mean-time, there is potential to use radio shows to: provide longer term information on flooding/preparedness; provide longer lead forecast information specific to local areas; and provide advice on actions to take based on forecast/impact-based forecast information.
810
There was significant discussion on whether to communicate complex probabilistic forecast information to community level. Data suggests that it should be communicated to allow longer lead time for preparation of community members at risk to save lives and livelihoods. However, this type of information would require training and better tailoring of information for the end users, taking into consideration issues around access, literacy and language. There also remains a question as to what lead time of probabilistic information is communicated to 815 community level (eight hours, 24 hours, three days, and ten days) and how to deal with associated increasing uncertainty in forecasts as the lead time increases. DHM were very conservative in their attitude to communicating to community level, particularly around communicating uncertainty information. This is an important point: trust goes both ways (Donovan et al., 2014 ) and communication problems may arise if scientists and decision-makers are unwilling to trust community members. The main solution here is for those in positions of authority to engage 820 with and listen to those at community level (Pidgeon and Fischhoff, 2011) .
User-driven communication
Producers and users should engage in a closer and more effective two-way interaction, in order to ensure producers understand the needs, capabilities, and challenges of key users, including vulnerable groups with least access to national stakeholders. As Nepal governance frameworks and structures evolve, community oriented organisations 825 supporting the EWS (including NGOs like Practical Action) can help ensure mechanisms are in place to ensure the needs of the most vulnerable are being centred in decisions on what warning messages to produce and disseminate. Feedback mechanisms are important to ensuring the dissemination and communication approach evolves over time, aligning with the information needs of diverse groups.
830
The recent advancement into using social media to communicate forecast and warning information also requires more careful tailoring of the information before releasing to the public. The current system duplicates technical bulletin information and posts it to Twitter and Facebook. Instead, the language, content and type of information could be tailored for example, providing in lay person terminology and maps with simpler risk matrixes. Again, these could be developed in collaboration with those at community level. 835
Geosci. Commun. Discuss., https://doi.org/10.5194/gc-2019-3 Manuscript under review for journal Geosci. Commun. Discussion started: 20 March 2019 c Author(s) 2019. CC BY 4.0 License.
Response Capability
Ensuring uptake and action based on forecast and warning information is essential to reach the last mile of the EWS. Response capability is critical in ensuring improved forecasts and early warnings result in improved action.
In this area challenges remain in terms of: i) decision support protocols in response to enhanced forecasts at national and sub-national decision maker level; and ii) effective decision support protocols (and practice thereof) 840 in response to enhanced forecasts at community level.
Current initiatives such as the SOPs can be used to link warnings to actions, but are still in the piloting stage. As the SOPs for forecast based flood preparedness are currently being operationalised, there were varying levels of familiarity with them among stakeholders interviewed. As of the 2017 monsoon, the SOPs were developed to 845 district level and need further development to be actionable at municipal or community level. SOPs at sub-national and community level need to be developed such that local actors can own them and operationalize them within the local context. Merely integrating SOPs into the DPRP as an Annex is not adding value. In Phase 2 of the WFP Forecast Based Flood Preparedness project, there are plans to align them and make them contingent within the main body of DPRP. There are also plans to conduct training on forecasts and EWS, where DRR focal persons of 850 districts and flood prone municipalities for 19 Terai districts will be trained on how these globally and regionally available forecasts can be accessed, understood and interpreted.
Community members are only just becoming familiar with SMS alerts (which have been piloted for two monsoons in some areas). Tailoring ongoing engagement with community members to increase familiarity, alongside radio 855 programmes, could help to raise awareness and understanding of the system. Workshops to develop agreed appropriate responses to various warning messages before the monsoon, and training and evacuation drills to practice those responses, will be useful methods to ensure uptake and embed appropriate action based on warnings at community level.
860
Common alerting protocols have been developed and were piloted in the 2018 monsoon, with a particular focus onthe phrasing of the early warning SMS message. A continual feedback loop with community members receiving the warning information via SMS after each monsoon should be maintained to ensure the information is accessible, understandable, and used.
Cross cutting elements of EWS (Capacity building, Governance, Gender and Social Inclusion) 865
As the central body responsible for flood early warning, the DHM has access to, awareness of, and the technical level of training to understand all available information. They are the main funnel and source of information for most national and local decision makers, providing daily bulletins and sending out warnings.
One of the main barriers and challenges to developments and improvements of forecast information and the EWS 870 in Nepal is the lack of capacity of the DHM. In 2017, the DHM flood forecasting department consisted of four people in the central office. The capacity of DHM to generate location specific reliable forecast information and warnings in order to more effectively operationalize SOPs is still low. The capacity of district and local stakeholders to understand forecast information and probabilities also needs to be developed through various other studies on probabilistic reasoning (Doyle et al, 2014) . However, people are open to receiving this information if they can understand it (Fakhruddin et al., 2015) .
There are many technical actors supporting the DHM on the EWS at the national scale (e.g. RIMES, ICIMOD, UNDP, PA, MC, WFP, LWR, World Bank), and at the international scale (e.g. UK Met, ECMWF, IMD). The 880 recent rapid developments in Nepal's EWS has been the result of multiple ongoing pilots and initiatives to improve the system from both a top down and bottom up approach. Going forward, these initiatives need to be capitalised on and brought together in a more holistic way to build on existing initiatives, avoid duplication of efforts, and ensure sustainability and ownership by the community.
885
There have been recent changes in the governance structure in Nepal, affecting the DRR and response responsibilities within the country. As of the 2018 monsoon, most of the local government and municipal levels have yet to form operation centres for disaster management, thereby impeding the formal flow of forecast information from DHM through to municipal authorities. When local emergency operation centres for disaster management form, they will likely improve the flow of forecast information through to community level. This 890 will help to operationalize early actions protocol at field level.
The reorganisation of the DRR governance structure in 2017 raises questions as to how the federal-municipal government roles and responsibilities will affect the EWS and sharing of information. Going forward, the municipal government authorities will have greater say in disseminating information to community level. If this 895 is the case, coordination between federal and municipal authorities will be key, and provision of understandable flood forecast information for municipalities to act upon will be essential. The new government structure could provide an entry point going forward to take stock and develop a step-by-step integrated plan to improve the EWS over a longer timescale, bringing together supporting organisations and institutions to work together, and tailoring information for the municipality to act on. 900
Findings from a recent study into Gender and EWS underscored the importance of a gender transformative approach to the ability of an EWS to function effectively to the last mile (Brown et al., 2019) . As steps are taken to translate enhanced forecasts into enhanced EW/EA, concerted effort is needed to ensure the EWS delivers for women and other marginalised groups, and that communities are not viewed as a homogenous stakeholder but 905 that the diversity of needs, capacities, priorities and challenges within communities are recognised and responded to in EWS delivery.
Conclusions
People in Nepal are threatened by a number of hazards including floods. Simple EWS have delivered significant gains, but are based upon simple forecasts with limited accuracy, limited coverage, and low lead times for 910 response; this is an issue that particularly affects vulnerable and marginalised groups, including women and children. In the past few years Nepal has started to pilot a range of innovations to improve forecasting, dissemination, communication, and decision making, aimed at improved early action (and reducing avoidable Geosci. Commun. Discuss., https://doi.org/10.5194/gc-2019-3 Manuscript under review for journal Geosci. Commun. Discussion started: 20 March 2019 c Author(s) 2019. CC BY 4.0 License. losses). These innovations offer significant opportunities, but simultaneously pose challenges on how complex forecasts can be understood, accessed, and acted upon by diverse actors. As Nepal continues to advice in hydro-915 meteorological forecasting capabilities, improving spatial and temporal accuracy of forecasts, efforts are simultaneously needed to ensure these forecasts are effectively translated (both into Nepali and into accessible terminology) and disseminated. Questions remain on the extent to which uncertainty can and should be communicated to community level. Nepal has a lot of experience to share, and is well positioned to learn from countries with more experience in, the use of decision support tools, for example. Further efforts are needed to 920 put local and community needs at the centre of the EWS, including the needs of those with least power and voice. Two-way collaboration between hydro-meteorological and intermediary actors, and active involvement of users including women and other vulnerable groups, is vital in developing an EWS which builds resilience. 
